Introduction
The neurotrophin growth factor family is critical for the development and maintenance of the nervous system, affecting multiple aspects of neuronal function (Lewin and Barde, 1996; Bibel and Barde, 2000; Huang and Reichardt, 2001) . The diversity of neurotrophin functions depends on two different receptors: Trk receptors, which are necessary for neuronal survival, differentiation, and synaptic formation (Friedman and Greene, 1999; Reichardt, 2006) ; and p75 NTR , which is important for cell death during developmental and in pathological conditions (Roux and Barker, 2002) . Proneurotrophins, the uncleaved neurotrophin precursors, can be secreted and can bind to a p75 NTR -sortilin receptor complex with high affinity to induce neuronal apoptosis (Lee et al., 2001; Beattie et al., 2002; Teng et al., 2005) . Since neurons are likely to be exposed to multiple factors in their environment, including both mature neurotrophins and proneurotrophins, in basal and pathophysiological situations, we have investigated the consequences of exposing neurons to both mature neurotrophins and proneurotrophins simultaneously. Basal forebrain (BF) neurons express all three Trk receptors, and BDNF is an established survival factor for these neurons (Alderson et al., 1990; Friedman et al., 1993) . BF neurons also express p75 NTR and are one of the few CNS populations to express this receptor throughout life.
Our previous studies demonstrated that proneurotrophins could induce death of BF neurons via the p75 NTR -sortilin receptor complex, even when Trk receptors were activated on the same neurons. Although proNGF did not prevent receptor phosphorylation, it inhibited the downstream activation of Akt normally induced by BDNF (Volosin et al., 2006) . We have now investigated the mechanisms of interaction between p75 NTR and TrkB signaling and demonstrate that while proNGF activates apoptotic signaling by p75 NTR via the intrinsic caspase pathway (Wang et al., 2001; Troy et al., 2002) , it must simultaneously suppress activation of the phosphoinositide-3 kinase (PI 3 K) pathway by Trk receptors for apoptosis to ensue. This suppression is mediated by PTEN (phosphatase and tensin homolog deleted on chromosome 10), a dual lipid/protein phosphatase that can dephosphorylate phosphatidylinositol 3,4,5-trisphosphate (PIP3) and convert it to PIP2, thereby antagonizing the activation of Akt by PI 3 K (Maehama and Dixon, 1998) .
In this study, we demonstrate that proNGF induces PTEN in BF neurons, even in the presence of BDNF. Regulation of PTEN by proNGF is independent of transcription but requires new protein synthesis. The induction of PTEN prevents activation of Akt by BDNF and leads to cell death. When PTEN is inhibited, BDNF treatment can reverse the inhibition of Akt by proNGF and protect BF neurons from apoptosis. Thus, proNGF induction of neuronal cell death requires both apoptotic signaling via the intrinsic caspase pathway and simultaneous suppression of Trk-mediated survival signaling via Akt. To determine whether this dual mechanism is also required in vivo, we investigated whether inhibition of PTEN can prevent neuronal loss in the hippocampus after seizure, a model of p75 NTR -mediated neuronal death that we have previously established. Infusion of a PTEN inhibitor or small interfering RNA (siRNA) into the hippocampus provided significant neuroprotection, indicating that the balance of these signaling pathways are critical determinants of neuronal survival or death after seizures.
Materials and Methods
Reagents. BDNF was a gift from C. F. Ibanez (Karolinska Institute, Stockholm, Sweden). Anti-p75 antibodies were purchased from Millipore Bioscience Research Reagents or Millipore; other anti-p75 antisera were generously provided by M. V. Chao (Skirball Institute, New York University, New York, NY). Antibodies to p-Akt, Akt, p-Erk, Erk, cleaved caspase-3, and PTEN (catalog #9559), p-PTEN (catalog #9554 recognizing phosphorylation sites Ser380/Thr382/383) and the inhibitors LY294002 and PD98059 were purchased from Cell Signaling Technologies. The inhibitor to phospholipase C (PLC), U-73122, was purchased from Cayman Chemical. PTEN inhibitor [bpV(pic)] was from Calbiochem. Alexa 488 and Alexa 594 anti-rabbit and anti-mouse secondary antibodies were purchased from Invitrogen. Poly-D-lysine, glucose, putrescine, progesterone, transferrin, selenium, and insulin were purchased from Sigma.
Neuronal cultures. Pregnant rats were killed by exposure to CO 2 and soaked in 80% ethanol for 10 min. Embryonic day 16 (E16) rat fetuses were removed under sterile conditions and kept in PBS on ice. BFs were dissected and dissociated in serum-free medium composed of a 1:1 mixture of Eagle's MEM and Ham's F-12 supplemented with glucose (6 mg/ml), putrescine (60 M), progesterone (20 nM), transferrin (100 g/ ml), selenium (30 nM), penicillin (0.5 U/ml), and streptomycin (0.5 g/ ml). For hippocampal cultures, fetuses were dissected at E18. The cells were then plated on tissue culture dishes that were precoated overnight with poly-D-lysine (0.1 mg/ml). The cells were maintained in serum-free medium for 5 d at 37°C (Farinelli et al., 1998; Friedman, 2000) .
Survival assay. Survival of cultured BF neurons was assayed by a method we have described previously (Farinelli et al., 1998; Maroney et al., 1999; Friedman, 2000) . After removal of the medium, cultured cells were lysed, and intact nuclei were counted using a hemacytometer. Nuclei of dead cells either disintegrate or, if in the process of dying, appear pyknotic and irregularly shaped. In contrast, nuclei of healthy cells are phase bright and have clearly defined limiting membranes. Cell counts were performed in triplicate wells.
Real-time PCR. BF neurons were cultured for 5 d before RNA was isolated using TRIZOL reagent (Invitrogen). cDNA was synthesized using superscript reverse transcriptase (Invitrogen). Real-time PCR (qPCR) was performed with the LightCycler 480 (Roche) using Sybr green master mix. The primers were synthesized by Invitrogen. The sequences were ACACCGCCAAATTTAACTGC (forward) and TACAC-CAGTCCGTCCTTTCC (reverse). Quantification of PTEN mRNA was assessed relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
siRNA. Two distinct PTEN siRNAs with 5Ј thiol modifications on the sense strands were synthesized by Dharmocon RNAi Technologies. The sense strand sequences were GATGGCTGTCATGTCTGGGAG (targeting the 5Ј region) and GUAUAGAGCGUGCGGAUAA (targeting the coding domain). The siRNAs were mixed with Penetratin1 (Qbiogene), heated for 15 min at 65°C, and incubated for 1 h at 37°C. Before treating cells, the siRNAs were denatured at 65°C for 15 min and used at a concentration of 80 nM. A nonspecific penetratin-linked siRNA was used as the control (Ho et al., 2009) .
Western blot analysis. After 5 d in culture, the neurons were treated for the indicated times with vehicle, mature neurotrophins, and/or proneurotrophins. Cells were lysed in buffer containing 120 mM Tris, 2% SDS, 10% glycerol, and protease inhibitors. Equal amounts of protein were run on a 10 or 12% polyacrylamide gel and transferred to nitrocellulose membrane. The blots were blocked with 5% nonfat milk and incubated in a primary antibody overnight. After washing three times with TBS with 0.05% Tween 20 (TBST) for 15 min each, the blots were incubated with appropriate secondary antibodies for 1 h at room temperature. The membrane was washed three times with TBST before being visualized either using an ECL kit (Pierce) or being scanned with the Odyssey infrared imaging system (LI-COR Bioscience). All blots shown are representative of at least three independent experiments.
Pilocarpine-induced seizures. Male Sprague Dawley rats (250 -275 g) were cannulated 1 week before the induction of seizures. Animals were anesthetized with ketamine/xylazine and placed in a stereotaxic frame.
Two cannulas were implanted bilaterally into the dorsal hippocampus. After 1 week of recovery, animals were pretreated with methylscopolamine (1 mg/kg, s.c.; Sigma-Aldrich) 30 min before being treated with pilocarpine hydrochloride (350 mg/kg, i.p.; Sigma-Aldrich). After 1 h of status epilepticus, diazepam (10 mg/kg; Abbott Laboratories) and phenytoin (50 mg/kg, i.p.) were injected to stop the seizure. Immediately after the seizure and twice per day for 3 d, the PTEN inhibitor bpv(pic) (5 M in 0.5 l) was injected through the cannula into the hippocampus on one side of the brain, and saline was injected into the contralateral side. Alternatively, PTEN siRNA (80 nM in 0.5 l) was infused on one side of the brain. Three days after seizure, rats were anesthetized with ketamine/ xylazine and perfused transcardially with saline followed by 4% paraformaldehyde. The brains were removed and fixed in 4% paraformaldehyde for 2 h before being cryoprotected in 30% sucrose for 2 d. Brains were then sectioned on a cryostat (Leica), mounted onto charged slides for immunostaining.
Immunocytochemistry. Frozen brain sections (12 m) were warmed at 37°C for 2 min and washed with PBS for 10 min. Before primary antibody incubation, the tissue was permeabilized and blocked with PBS/0.3% Triton X-100/10%goat serum for 30 min at room temperature. Primary antibodies were applied to the sections overnight at 4°C. The sections were then washed three times with PBS for 15 min. The secondary antibodies anti-rabbit Alexa 488 (green) and anti-mouse 594 (red) (1:500) were applied to sections in the dark for 1 h, washed three times with PBS for 15 min, and mounted. Hoechst 33342 dye (1 g/ml; Sigma) was added into PBS during the last wash to label nuclei, and the sections were examined by fluorescence microscopy (Troy et al., 2002) . In both anterior and posterior directions to the cannula tip (anteroposterior, Ϫ0.31 cm; lateral, Ϯ0.2 cm; vertical, Ϫ0.3 cm from bregma), every 15th section was examined. In each section, all the cells labeled with p75
NTR and cleaved caspase 3 in the hilus were counted. The number of labeled cells on each side of the hippocampus from three different rats was obtained, and the average was calculated for comparison. For infusion of the PTEN inhibitor bpv(pic), sections within 900 m from the cannula showed significant differences between the two sides of the brain. Infusion of the PTEN siRNA showed differences between the two hemispheres within 600 m of the cannula, indicating the diffusion range of the inhibitor and the siRNA, respectively.
All animal studies were conducted using the National Institutes of Health guidelines for the ethical treatment of animals with approval of the Rutgers Animal Care and Facilities Committee.
Statistical analysis. Statistical significance on the multipart in vitro survival assays was determined by ANOVA with Bonferroni or NewmanKeuls post hoc analysis. For in vivo analysis of control versus PTEN inhibition, statistical significance was determined by Student's t test.
Results

ProNGF increases PTEN in BF neurons
Our previous studies had shown that treatment of BF neurons with proNGF induced neuronal apoptosis even when BDNF was present and TrkB was phosphorylated. However, once Akt was phosphorylated, no apoptosis was observed. Moreover, treatment with proNGF prevented the phosphorylation of Akt by BDNF but did not prevent phosphorylation of TrkB, suggesting that a critical interaction between p75-mediated apoptosis and TrkB-mediated survival signaling might occur downstream of the receptor, but upstream of Akt activation (Volosin et al., 2006) . Since the PTEN phosphatase is known to antagonize activation of Akt by PI 3 K, levels of PTEN in these BF neurons were determined with and without proNGF treatment. BF neurons treated with proNGF showed a rapid and strong increase in PTEN levels that was maintained for at least 2 h (Fig. 1 A) . The level of phosphorylated PTEN (p-PTEN) did not change significantly, thus the increase of total PTEN relative to p-PTEN indicates an increase in the nonphosphorylated form of PTEN, which is the active form of the phosphatase (Vazquez et al., 2000) (Fig.  1 B) . This rapid increase in PTEN protein did not require new mRNA synthesis, as proNGF did not alter levels of PTEN mRNA ( Fig. 1 E) and treatment of the neurons with actinomycin D did not prevent the proNGF-induced increase in the protein (Fig. 1 F) . However, cycloheximide prevented the increase in PTEN, indicating that new protein synthesis was required (Fig. 1 F) . The presence of BDNF did not prevent the proNGF-induced upregulation of PTEN (Fig. 1G,H ) , consistent with the ability of proNGF to induce apoptosis in the presence of BDNF.
Both p75
NTR and sortilin receptors are required for proNGF-induced PTEN upregulation Since proNGF binds to a receptor complex comprising p75
NTR and sortilin to induce death of BF neurons (Volosin et al., 2006) , we determined whether this receptor complex mediated the upregulation of PTEN. Blocking antibodies to either p75 NTR or sortilin prevented the increase in PTEN, indicating that PTEN induction occurs through p75 NTR -sortilin receptor binding (Fig. 1C,D) .
BDNF increases phospho-PTEN via the PI 3 K pathway, which can be blocked by proNGF
To determine whether there might be reciprocal regulation of PTEN by mature neurotrophins, BF neurons were treated with BDNF at different time points. Interestingly, levels of PTEN protein were unaffected by BDNF; however, phosphorylation was increased after treatment ( Fig. 2A) . Since phosphorylation of PTEN suppresses its phosphatase activity (Vazquez et al., 2000) , the increase in p-PTEN induced by BDNF would be likely to facilitate Akt activation and survival signaling. However, simultaneous treatment with proNGF prevented BDNF-induced PTEN phosphorylation (Fig. 2B) . Moreover, BDNF-induced phosphorylation of PTEN required activation of the PI 3 K pathway (Fig. 2C) . Thus, although BDNF can phosphorylate PTEN, this is prevented by proNGF since the induction of PTEN blocks PI 3 K signaling, thereby inhibiting phosphorylation of PTEN. These results suggest that proneurotrophins and mature neurotrophins have opposing effects on PTEN activity, with the consequences for neuronal survival depending on the balance between these signaling pathways.
PTEN inhibition allows BDNF-induced Akt phosphorylation and neuronal survival in the presence of proNGF
To understand the potential role of PTEN in proNGF-induced apoptosis, we treated cultured BF neurons with a potent and selective PTEN inhibitor, bpv(pic) (5 M) (Schmid et al., 2004) , to block PTEN activity. After bpv(pic) treatment, proNGF no longer inhibited BDNF-induced Akt phosphorylation, confirming that PTEN blocked the PI 3 K pathway (Fig. 3A) .
Since inhibiting PTEN restored the ability of BDNF to activate Akt, we tested whether inhibiting PTEN could also restore the . E, ProNGF does not regulate PTEN mRNA in BF neurons. BF neurons were treated with proNGF for the indicated times. Total RNA was extracted, and qPCR was performed to detect the level of PTEN mRNA relative to GAPDH mRNA. Data are from three independent experiments. F, New protein synthesis, but not mRNA synthesis, is required for PTEN induction. Cultured BF neurons were treated with proNGF (1 ng/ml, 30 min), cycloheximide (CHX; 1 g/ml, 60 min), actinomycin-D (actinoD; 1.5 M, 60 min), or both. Western blot analysis was performed to detect the level of PTEN. Blots were then stripped and reprobed for tubulin. The blot is representative of three independent experiments. G, ProNGF increases PTEN in the presence of BDNF. Cultured BF neurons were treated with BDNF (10 ng/ml), proNGF(1 ng/ml), or both for 30 min. Western blot was performed to probe for PTEN and stripped and reprobed for Erk to demonstrate equal protein loading. The blot is representative of three independent experiments. H, Quantification of PTEN relative to Erk from three independent experiments. Bars represent mean band density Ϯ SE. The asterisk indicates values different from control by ANOVA with Bonferroni post hoc analysis, p Ͻ 0.05. con, Control.
ability of BDNF to protect neurons from proNGF-induced apoptosis. Cultured BF neurons were treated with bpv(pic), in the absence or presence of BDNF, and assayed for effects of proNGF on survival. The presence of the PTEN inhibitor provided significant protection from cell death induced by proNGF, but only in the presence of BDNF (Fig. 3B ). This effect was not observed in the absence of BDNF, suggesting that TrkB-mediated signaling must be activated for the inhibition of PTEN to protect neurons from proNGF-induced apoptosis.
To confirm the effects of the pharmacologic PTEN inhibitor, we used siRNAs to knock down PTEN in the BF neurons. The siRNA was linked to penetratin to facilitate entry into neurons (Davidson et al., 2004) . Long-term treatment of BF neurons with the penetratin-linked PTEN siRNA decreased basal PTEN levels (Fig. 4 A) , but more important, pretreatment of BF neurons with the PTEN siRNA for 30 min prevented the rapid proNGFinduced PTEN upregulation (Fig. 4 B) . When PTEN induction was blocked by the siRNA, treatment with BDNF was able to rescue BF neurons from proNGF-induced death (Fig. 4C,D) . Two distinct PTEN siRNAs gave the same result. No rescue occurred in the absence of BDNF treatment, confirming previous results with the pharmacological inhibitor and indicating that PTEN does not directly mediate apoptotic signaling by proNGF but, rather, is necessary to suppress survival signaling mediated by BDNF activation of Akt via TrkB.
PTEN is required for p75
NTR -mediated death in the hippocampus in vivo Since neurons in vivo are exposed to multiple factors in their environment, including both mature neurotrophins and proneurotrophins, we investigated the potential function of PTEN in regulating the balance between p75 NTR -mediated apoptotic signaling and TrkB-mediated survival signaling after pilocarpineinduced seizures in vivo.
We have previously demonstrated that infusion of an antiproNGF antibody into the hippocampus provided significant protection from neuronal death after seizures (Volosin et al., 2006 (Volosin et al., , 2008 . To use this model to assess whether PTEN activity was necessary to facilitate neuronal apoptosis, we first examined whether proNGF could regulate PTEN in cultured hippocampal neurons as in BF neurons. ProNGF treatment of hippocampal neurons increased PTEN protein and blocked BDNF-induced Akt activation in hippocampal neurons as in BF neurons (supplemental Fig.  S2 , available at www.jneurosci.org as supplemental material).
The PTEN inhibitor, bpv(pic) (5 M), was infused through an implanted cannula into the dorsal hippocampus on one side of Figure 2 . BDNF induces phosphorylation of PTEN via the PI 3 K pathway, which can be blocked by proNGF. A, BDNF increases phosphorylated PTEN protein in BF neurons. E16 neurons were cultured for 5 d before being treated with BDNF (10 ng/ml) for the indicated time points. Cells were lysed for Western blot to probe for p-PTEN and PTEN. Blots were stripped and reprobed for actin. The blot is representative of three independent experiments. B, ProNGF inhibits BDNFinduced phosphorylation of PTEN. BF neurons were treated with BDNF for 10 and 30 min in the presence or absence of proNGF. The levels of p-PTEN and PTEN were measured by Western blot. The blot was stripped and reprobed for tubulin. The blot is representative of three independent experiments. C, The PI 3 K pathway inhibitor blocks induction of p-PTEN by BDNF. BF neurons were treated with PI 3 K pathway inhibitor LY294002 (50 m), MAPK pathway inhibitor PD98059 (10 m), or PLC␥ inhibitor U73122 (1 m) before being treated with BDNF for 30 min. Lysates were analyzed by Western blot for p-PTEN and PTEN. The blot was stripped and reprobed for tubulin. The blot is representative of three independent experiments. con, Control. The cells were then treated with BDNF (10 ng/ml, re-added to ensure that TrkB receptors were activated), proNGF (1 ng/ml), or BDNF plus proNGF in the presence or absence of the PTEN inhibitor bpv(pic) (5 m). Western blot analysis was performed to probe for p-Akt. Blots were then stripped and reprobed for total Akt. The blot is representative of four independent experiments. CON, Control. B, PTEN inhibitor rescues BF neurons from proNGF-induced death only in the presence of BDNF. Cultured E16 BF neurons were treated overnight with proNGF (1 ng/ml) alone or proNGF plus bpv(pic) (5 m) in the presence or absence of BDNF (10 ng/ml). A survival assay was performed to count the number of healthy neurons in the culture and indicated as the percentage of total cells. Data are from three independent experiments and expressed as mean percent survival Ϯ SE. The asterisk indicates values different from control by ANOVA with Bonferroni post hoc analysis at p Ͻ 0.05. the brain while saline was injected into the contralateral side after pilocarpine-induced seizure. Three days after the seizures, the time of maximal neuronal death (Volosin et al., 2008) , double immunostaining for p75 NTR and cleaved caspase 3 revealed fewer apoptotic neurons in the hilus on the side of bpv(pic) infusion compared with the control side in the same brain, indicating that inhibiting PTEN can rescue hippocampal neurons from proNGF-induced death (Fig.  5A,B) . Labeling degenerating neurons with Fluoro-Jade B confirmed the decrease in dying neurons on the side of the brain receiving the PTEN inhibitor compared with the contralateral side that received saline (Fig.  5C ). Adjacent sections labeled for P-Trk and P-Akt demonstrated numerous doublelabeled neurons on the saline-injected side and an increase in P-Akt-labeled neurons on the side that received the PTEN inhibitor (Fig. 5D ), indicating that antagonizing the PI 3 kinase pathway is necessary for neuronal death.
To confirm the effects of the PTEN inhibitor, penetratin-linked PTEN siRNA was infused on one side of the brain for 3 d after seizures and showed a similar decrease in apoptotic hippocampal neurons compared with the contralateral side that received a control penetratin-linked siRNA (Fig. 6) . Thus, inhibition of PTEN either pharmacologically or by knockdown after seizures attenuated neuronal apoptosis.
Discussion
In this study, we have investigated the interaction of survival and apoptotic signaling pathways that ultimately determine the fate of CNS neurons. Neurotrophins regulate multiple cellular functions by binding to either Trk receptors or p75 NTR (Arevalo and Wu, 2006; Reichardt, 2006) . Mature neurotrophins bind preferentially to Trk receptors, which have been associated with survival and differentiation of cells via both the PI 3 K and mitogenactivated protein kinase (MAPK) pathways (Patapoutian and Reichardt, 2001 ). In contrast, proneurotrophins bind with high affinity to a p75 NTR /sortilin receptor complex (Nykjaer et al., 2004) , which activates signaling pathways important in regulating apoptosis (Roux and Barker, 2002; Volosin et al., 2006) . ProNGF and proBDNF induce cell death via p75 NTR in neuronal cultures (Lee et al., 2001; Beattie et al., 2002; Teng et al., 2005; Volosin et al., 2006) . In vivo, these proneurotrophins are increased in neurons and astrocytes after seizures and are secreted into the CSF (Volosin et al., 2006; . Proneurotrophins induce neuronal apoptosis in several pathophysiological conditions, further implicating their involvement in neuronal loss after injury, in seizures, and in age-related disease (Harrington et al., 2004; Peng et al., 2004; Pedraza et al., 2005; Volosin et al., 2006; Domeniconi et al., 2007) .
As cells are normally exposed to multiple factors in their environment, what happens when neurons are exposed to both mature neurotrophins and proneurotrophins, particularly after injury when neurotrophin mRNAs are upregulated and release of both mature neurotrophins and proneurotrophins can occur? Since activation of Trk receptors supports neuronal survival and activation of p75 NTR leads to apoptosis, how do the signaling pathways activated by the different receptors interact to determine the outcome for the cell?
BF cholinergic neurons are among the few CNS neuronal populations that express p75 NTR throughout life. These cells also express all three Trk receptors, and mature neurotrophins promote survival of BF neurons (Alderson et al., 1990; Friedman et al., 1993) . These neurons are important for memory and learning (Conner et al., 2003) , and loss of BF neurons is one of the early features of Alzheimer's disease (Whitehouse et al., 1982) , although the mechanism of this loss remains unknown.
Under both physiological and pathological conditions, BF neurons may be exposed to both mature neurotrophins and proneurotrophins from neurons in the target hippocampus and cortex, or from glia in the local BF environment (Seiler and Schwab, 1984; Wu et al., 2004) . Our previous studies have demonstrated increased expression of proNGF and proBDNF in both BF and hippocampal astrocytes, as well as hippocampal neurons, after seizures (Volosin et al., 2008) . In Alzheimer's disease, there is increased proNGF in the brain (Fahnestock et al., 2001; Peng et al., 2004) , which is capable of inducing neuronal apoptosis (Pedraza et al., 2005; Podlesniy et al., 2006) . The increase in proNGF that occurs after injury, after seizures, or in disease may shift the balance of proneurotrophins relative to mature neurotrophins. Our current study suggests that suppression of the PI 3 K-Akt pathway by PTEN is an important mechanism in the induction of apoptosis by proneurotrophins.
The role of PTEN in proNGF-induced death of CNS neurons
We initially investigated the interaction of Trk and p75 signaling in BF neurons since all these neurons express p75
NTR together with a Trk receptor, primarily TrkB. We previously showed that proNGF elicited death of BF neurons through NTR -mediated signaling, even in the presence of activated TrkB receptors, and that proNGF can inhibit BDNF-induced Akt phosphorylation (Volosin et al., 2006) . Because PTEN can block PI 3 K-mediated signaling, we evaluated whether PTEN might play a role in the interaction between p75 NTR and TrkBmediated signaling in BF neurons. We found an increased level of PTEN after proNGF treatment, which was not blocked by BDNF, consistent with our previous observation that proNGF prevented Akt phosphorylation and induced neuronal apoptosis in the presence of BDNF. Moreover, blocking PTEN with either a pharmacological inhibitor or siRNAmediated knockdown reversed the effects on both Akt phosphorylation and neuronal survival. Thus, when PTEN activity was prevented, BDNF was able to induce Akt phosphorylation and neuronal survival even in the presence of proNGF, demonstrating that PTEN plays a critical role in proNGF apoptotic signaling by suppressing activation of Akt (Fig. 7) .
To investigate the role of PTEN in vivo, we used a model of pilocarpine-induced seizures that elicits p75 NTR -mediated neuronal death in the hippocampus. After confirming that proNGF also induced PTEN in cultured hippocampal neurons, we showed that blocking PTEN, either pharmacologically or by siRNA-mediated knockdown, provided significant neuroprotection after seizures. The balance between survival and death signaling Because of the expression of both p75 NTR and Trk receptors in BF neurons, appropriate ligands for each of these receptors can activate their respective signaling pathways (Volosin et al., 2006) , but how these signaling pathways interact to determine whether the cell dies or survives remained to be elucidated. In this study, we have demonstrated that one interaction point is at the level of Akt activation; BDNF signaling via TrkB activates Akt via the PI 3 K pathway, whereas proNGF signaling via p75 NTR inhibits Akt. PTEN is regulated by proNGF through p75 NTR /sortilin signaling and antagonizes PI 3 K activation, thereby inhibiting BDNF-induced survival signaling. The activity of PTEN can be regulated in several ways including phosphorylation, acetylation, and oxidation Okumura et al., 2006; Maccario et al., 2007) . Phosphorylation of PTEN at specific residues renders it unstable and less active. Interestingly, in contrast to the effect of proNGF, BDNF increased PTEN phosphorylation in BF neurons, although the level of PTEN protein remained unaltered. However, the effect of BDNF on PTEN phosphorylation required signaling via the PI 3 K pathway and was prevented in the presence of proNGF. Thus, the presence of proNGF shifted the balance of these signaling pathways toward apoptosis.
The phosphorylation of serine/threonine residues on the C terminal of PTEN decreases its phosphatase activity (Vazquez et al., 2000) . Casein kinase II (CK2) can phosphorylate some of these sites both in vitro and in intact cells, and high levels of CK2 expression are present in human solid tumors, supporting the notion that CK2 negatively regulates PTEN activity as a tumor suppressor (Daya-Makin et al., 1994; Vazquez et al., 2001) . Studies investigating signaling pathways regulating PTEN phosphorylation and CK2 activity suggest that PI 3 K facilitates phosphorylation of PTEN on its C terminal (Birle et al., 2002) . Additionally, epidermal growth factor receptor-activated ERK2 can bind and activate CK2␣ (Ji et al., 2009) . We have observed that BDNF increased PTEN phosphorylation in BF neurons, suggesting that TrkB activation can phosphorylate and negatively regulate PTEN activity. Since both the PI 3 K and MAPK pathways can be activated by TrkB, PTEN phosphorylation may be regulated by either or both of the pathways. However, in BF neurons we showed that the PI 3 K inhibitor, but not the MEK inhibitor, prevented BDNFinduced PTEN phosphorylation, indicating that in these neurons the PI 3 K pathway is more likely to mediate PTEN phosphorylation, possibly via activation of CK2.
BDNF can induce phosphorylation of PTEN, suggesting that TrkB signaling might inhibit apoptosis by converting PTEN to its unstable form. Collectively, the fate of these CNS neurons is determined by competition between Trk and p75 NTR signaling. When both receptors are activated, the cross talk between these two pathways contributes to the fate of these cells. Here, we demonstrate that induction of the PTEN phosphatase is an important mechanism involved in this cross talk by regulating Akt activation. For apoptotic signaling to proceed via the intrinsic caspase pathway previously identified, there must be simultaneous suppression of survival signaling. That BDNF can protect these neurons from proNGF-induced death when PTEN is inhibited demonstrates the critical role of this protein in mediating the balance between survival and death of CNS neurons, especially in pathological states.
PTEN, p75
NTR , and neuronal disorders PTEN is widely expressed in the brain (Lachyankar et al., 2000; Perandones et al., 2004) , and multiple studies have described important roles for PTEN in neuronal death (Gary and Mattson, 2002; Li et al., 2002; Xu et al., 2003) . Mutations in PTEN have been linked to deficient cell death, thus a high frequency of PTEN mutations occur in glioblastomas (Knobbe et al., 2008) . Conditionally deleting PTEN resulted in increased brain size over time (Backman et al., 2001; Kwon et al., 2001) , and several illnesses can be linked to a mutation of the PTEN gene, including autism, Cowden's syndrome, Bannayan-Riley-Ruvalcada syndrome, and Lhermitte-Duclos disease (Butler et al., 2005; Kwon et al., 2006; Herman et al., 2007) .
ProNGF/p75 NTR interactions have also been linked to neuronal pathologies, and changes in p75 NTR expression have been directly related to glioblastoma invasion and neurodegeneration in Alzheimer's disease (Johnston et al., 2007; Fombonne et al., 2009 ). Here, we describe for the first time that PTEN plays an important role in proNGF/p75 NTR apoptotic signaling. The p75 NTR receptor is induced in many cell types in a variety of injury situations. The ability of p75 NTR signaling to induce PTEN may regulate Akt activation by growth factors other than neurotrophins as well, therefore these observations may have broader implications. The interactions between proNGF, p75 NTR , and PTEN may provide a new target for neuroprotection and therapeutic treatment of neurodegenerative diseases.
